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ABSTRACT 
 Microfluidic devices developed in research labs are often 
fabricated from poly(dimethylsiloxane) (PDMS) because 
techniques to manufacture devices via lithographic and 
molding techniques are well-established.  However, thermo-
plastics have more desirable properties for many applications 
and are typically used for mass-produced polymer microflu-
idic devices.  Therefore, there is a critical need for techniques 
to rapidly prototype thermoplastic devices in research and 
development labs.  Here we investigate the micro end milling 
of polystyrene and demonstrate microfluidic devices fabri-
cated using this process.  A parametric study was undertaken 
in order to assess the effects of tool speed, feed rate, and 
depth of cut on finished channel width, bottom surface 
roughness, and burring along the channel sides.  It was found 
that low cutting depths and high feed rates produce the best 
channels.  Straight microfluidic channels with graded and 
stepped bottom geometries were fabricated and tested.  In 
addition, a microfluidic diffusive gradient device was fabri-
cated and shown to work.  Polystyrene microfluidic devices 
enable the use of materials that are more comparable to 
standard tissue culture labware and present a more direct 
route to commercialization. 
 
INTRODUCTION 
 Microfluidic devices enable precise control over small 
volumes of liquid and have contributed to a number of tech-
nological advancements in biology and chemistry.  To date, 
poly(dimethylsiloxane) (PDMS) has been the dominant 
polymer material used in the prototyping of microfluidic de-
vices in academic research labs [1].  While the ease and 
flexibility of PDMS processing have made it common in such 
settings, many material properties of PDMS are inferior to 
those of thermoplastics for a number of microfluidic appli-
cations.  For example, it has been demonstrated that PDMS 
can absorb small molecules from and exude uncured oli-
gomers into an enclosed liquid [2, 3].  Also, due to its long 
curing times (several hours), PDMS is an unsatisfactory 
material for the large scale production of microfluidic de-
vices.  Thermoplastic microfluidics made by embossing or 
injection molding are often used in applications where in-
expensive mass production is needed [4].  However, these 
techniques require that a metal mold be created for each de-
vice, so these processes and thermoplastics are not often used 
in laboratory scale “rapid-prototyping” of microfluidic de-
vices.   
 Current methods to prototype thermoplastic microfluidics 
include laser ablation, strereolithography, and micro end 
milling.  Laser ablation involves the use of laser pulses to 
remove material and allows precise microstructures to be 
created quickly in a wide range of materials [5].  However, 
the chemistry of the ablated region is altered during the 
process, and it is difficult to fabricate channels with rectan-
gular cross sections.  Stereolithography uses lasers to po-
lymerize sections in a liquid polymer resin, forming a solid 
structure [6].  This process is relatively slow, though, and the 
material set is limited.  Micro end milling involves the use of 
small end mills (dia. < 1 mm) to remove material in a process 
analogous to macro-scale milling [7, 8].  This method has the 
ability to create three-dimensional, high aspect ratio micro-
scale features and has been used for the production of a 
number of precision parts in metals [9, 10].  More recently, 
microchannels end milled in PMMA thermoplastics have 
been demonstrated [11, 12]. 
 Here, we systematically investigate the micro end milling 
of polystyrene, a thermoplastic, for the rapid prototyping of 
microfluidic channels.  Polystyrene is the most common 
material used in conventional biological labware such as cell 
culture dishes and multiwell plates, but techniques for 
quickly prototyping microfluidics in it are limited.  In this 
study, we examine the effects of several process variables on 
the surface roughness, burring, and dimensional error in 
channels cut in polystyrene.  To demonstrate process feasi-
bility for microfluidic device fabrication, single depth, 
stepped depth, and graded depth channels were fabricated.  A 
more complex microfluidic device, a diffusive gradient gen-
erator, was also fabricated and tested. 
 METHODS 
A. MICRO END MILLING 
 The lids of clear polystyrene (PS) petri dishes (Falcon 
#351029, Becton, Dickinson, and Company, Franklin Lakes, 
NJ) were used as machining substrates in the present study.  
The lid thickness was measured to be 0.897 ± 0.002 mm.  All 
machining was performed on a micro end milling machine 
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(G4 Ultra, Atometric, Rockford, IL).  254 µm (0.010 in.) and 
101 µm (0.004 in.) diameter 2 flute tungsten carbide end mills 
(TS-2-0100-S and TS-2-0040-S, Performance Micro Tool, 
Janesville, WI) were used to manufacture the channels.  A 
maximum axial depth of cut of 50 µm was used in each pass.  
The PS substrates were fixtured to the machine using toe 
clamps while a second polystyrene piece was used as a 
backing plate such that through-hole ports could be machined 
without damaging the fixture or the tool.  Forced air was used 
to cool the workpiece and remove chips during the machining 
process.  Post-machining, burrs and chips were removed by 
ultrasonication in deionized water and through manual re-
moval with foam swabs and forced air. 
B. CHANNEL SURFACE ANALYSIS 
 The geometry and surface topography of the micro-
machined channels were characterized using a white light 
interferometer (NewView 6300, Zygo, Middlefield, CT) and 
a Zeiss Axio Imager upright optical microscope.  The white 
light interferometer uses a non-contact measurement tech-
nique and is capable of height measurements with submicron 
accuracy (20x objective, in-plane resolution: 0.548 ?m).  
Using the interferometer image analysis software (MetroPro 
8.1.5, Zygo), several features of the channel geometry were 
inspected, including edge quality (indicating presence of 
burrs), channel width, channel depth, and channel bottom 
surface roughness.  The roughness measurements are sum-
marized as average roughness and RMS height of the discre-
tized surface as measured from line segments along the tool 
path of travel on the center of the channel data points acquired 
by the interferometer.  The burring was characterized by 
counting the number of overhanging burrs per mm of channel 
length.  The in-plane dimensions of the channels were meas-
ured from images acquired on the optical microscope. 
C. PARAMETRIC STUDY OF PROCESS VARIABLES 
 A parametric study of the effects of process variables on 
surface finish, burring, and channel dimensions was per-
formed.  The effects of rotational tool speed, feed rate, and 
depth of cut were explored by varying each across a range of 
values relevant to this particular application.  A sample 
population of channels was machined with the 254 ?m dia. 
end mill based upon a central composite design of 20 trials 
where the randomized run order is shown in Table 1.  The 
response variables for each trial were then input to Minitab 
15.0, where the surface response methodology (SRM) was 
performed and optimization routines were run to determine 
the best machining parameters [13]. ?
D. MICROFLUIDIC DEVICE FABRICATION AND TESTING 
 Several example microfluidic devices were fabricated in 
polystyrene substrates using the optimal machining parame-
ters determined by the parametric study.  For each demon-
stration device, the machined polystyrene substrate was 
bonded to a flat slab of PDMS (Sylgard 184, Dow Corning) 
after machining to create a closed channel.  The PDMS and 
PS components were bonded by pressing the two contacting 
surfaces together following their exposure to air plasma in an  
 
 
 
Fig. 1: Schematic of device fabrication. 
 
RF plasma chamber (PDC-001, Harrick Plasma, Ithaca, NY).  
The plasma treatment renders the exposed surfaces hydro-
philic, which facilitates the initial filling of the channel.  The 
device fabrication process is summarized in Fig. 1. 
 In one series of tests, three different microchannel designs 
with constant depth, graded depth, and stepped depth were 
fabricated.  These channels were machined using a feed rate 
Table 1: Parametric Study of Micro End Milling Process Variables 
 
Trial Feed  
(mm/min) 
Speed 
(kRPM) 
Depth 
(?m) 
1 400 20 10 
2 25 40 20 
3 250 40 5 
4 400 60 30 
5 400 60 10 
6 250 70 20 
7 250 40 20 
8 250 40 20 
9 250 40 20 
10 100 20 30 
11 100 60 30 
12 250 40 35 
13 250 10 20 
14 475 40 20 
15 250 40 20 
16 250 40 20 
17 100 20 10 
18 100 60 10 
19 400 20 30 
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of 250 mm/min, a tool rotational speed of 45 kRPM, and a 
maximum 50 ?m axial depth of cut per pass.  After rough 
cutting of the channels with these parameters, a finishing pass 
using the optimal parameters from the SRM (see Discussion 
for exact parameters) was performed.  The dimensions of 
these channels were 19.6 mm in length and 276 ± 3 ?m, 281 ± 
6 ?m, and 286 ± 8 ?m in width at the top of the channels.  The 
constant depth channel was milled to a depth of 223 ± 9 ?m 
(avg. ± s.d.).  The graded channel varies in depth from 227 
?m at one end to 382 ?m at the other.  Finally, the stepped 
channel contains three sections of different depths: 248 ± 5 
?m, 348 ± 5 ?m, and 452 ± 5 ?m.  Inlet ports were 3.0 mm in 
diameter and were created by cutting through-holes in the 
piece.  The three channels were filled with fluorescein 
(Sigma-Aldrich, St. Louis, MO) and imaged using an 
Olympus IX71 inverted fluorescent microscope.   
 A functional microfluidic diffusive gradient generator was 
also fabricated [14, 15].  This device consists of two small 
inlet branches that combine to form a larger main channel.  
The inlet branches are nominally 155 ?m wide and 5 mm 
long, while the main channel is 270 ?m wide and 15 mm long.  
The depth is nominally 200 ?m throughout the device.  Pas-
sive pumping was used to drive the flow in the device [16].  
The channel was filled initially by placing a drop of water in 
the outlet port and allowing the water to “wick” through the 
rest of the device.  Next, a large outlet water drop (200 ?l) 
was deposited.  Finally, a 5 ?l water drop dyed either red or 
blue was placed at each of the inlet ports.  Flow began as soon 
as the inlet drops were placed and continued until the drops 
completely collapsed (30 sec).    
RESULTS 
 Microscope images of a microchannel milled in polysty-
rene are shown in Fig. 2, and several features of the manu-
facturing process are clearly observed.  First, the bottoms of 
the channels are considerably rougher than the top surface of 
the polystyrene substrates.  Second, there are differences in 
the channel width with respect to the intended channel size 
(which is equal to the diameter of the tool when using one 
pass to create the channel).  Finally, burring occurs along the 
channel edges.  All of these features are inherent to the 
manufacturing process, but they can be minimized by ap-
propriate selection of process variables. 
 The results of the surface response studies characterized 
the dependence of channel dimensional error, surface 
roughness, and burring on the machining process parameters 
of tool rotation speed, feed rate, and depth of cut.  The results 
of the dimensional error SRM are shown in Figure 3, which 
shows the variation in dimensional error for each combina-
tion of speed, feed rate, and depth across their ranges.  It can 
be seen that error in channel dimension varies from 10-20 ?m 
across the range of parameters tested.  Precision dial indicator 
measurements of the spindle indicated no detectable runout, 
while measurements of the collet indicated a 10 ?m eccen-
tricity.  Therefore, the baseline runout of this configuration is 
10 ?m and for the results of this study will be considered the 
best possible result.  The absence of insensitive areas in the 
contour plot emphasizes the need to carefully adjust the 
process variables accordingly.  
 The results of the RMS surface roughness SRM are shown 
Fig. 3: Results of the dimensional error SRM. 
 
 
Fig. 2: Optical micrographs of channels milled in polystyrene.  
The top of the channel is shown in a), while the bottom of the same
section is shown in b).  The channel width at the top is 287 ?m, and
the RMS surface roughness at the bottom is 0.796 ?m.  Burrs can 
be seen along the edges. 
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in Figure 4, which shows the variation in RMS surface 
roughness taken as a line measurement down the center of the 
channel across each combination of speed, feed rate, and 
depth.  The results of the SRM show that the surface rough-
ness varies from 1-3 ?m across the range of parameters tested, 
which is relatively high for surfaces machined with a micro 
end mill.  Also, there are large insensitive regions with re-
sponse only occurring at extremes of the parameter combi-
nations.  This suggests that less attention needs to be directed 
towards the optimization of the surface finish.  It was noticed 
that burring of the channels corresponded well with channel 
dimensional error (data not shown).  However, the burrs 
could be removed easily using simple ultrasonication and 
mechanical de-burring methods, so it was not considered an 
essential parameter to control for. 
 Three straight microchannels with depths that varied along 
the length of the channel were fabricated (Fig. 5).  The first 
channel had a graded depth that varied linearly along the 
length of the channel.  The second had three regions of dif-
ferent depth separated by steps in the channel.  Finally, a 
constant depth channel was fabricated for comparison.  The 
channel geometries were measured using the Zygo inter-
ferometer, and their surface profiles are plotted in Figure 6.  
In each case, the entire channel was analyzed by stitching 
together a series of surface measurements.  The profile shown 
Fig. 4: Results of the RMS surface roughness SRM. 
 
 
Fig. 5: Channels milled in polystyrene (top layer) bonded to a
PDMS slab (bottom layer). 
Fig. 6: Depth profiles of three different channels measured along 
the channel length.  The zero value corresponds to the surface of 
the polystyrene substrate. 
 
 
 
Fig. 7: Fluorescence intensity microscope images of the stepped 
channel near the steps in channel depth.  Changes in fluorescence 
intensity correspond to changes in channel depth. 
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is along a line down the length of the middle of each channel.  
In order to further characterize the channels, they were 
bonded to PDMS and then filled with fluorescein and imaged 
using a fluorescent microscope.  Fluorescent images of the 
stepped channel are shown in Figure 7.  As can be seen, there 
is a clear difference in the intensity across the step in channel 
depth.  The brighter portion of the image corresponds to a 
greater depth as there is more fluorescein in the imaging path 
of the microscope in those regions.  The circular geometry of 
the tool results in a curved face on the riser.  
 A more complex microfluidic device that creates a gradient 
by diffusive mixing of two different liquids was fabricated 
(Fig 8a).  The flow was driven by passive pumping, in which 
the surface tension induced collapse of small drops placed at 
the inlet ports pushes the flow through the channel towards 
the outlet, which is covered with a much larger drop that does 
not collapse (Fig. 8b).  As shown in Fig. 8c, there is a clear 
boundary at the intersection point between the red and blue 
liquids.  Because of the low Reynolds number of the flow, it 
is laminar, and mixing between the two streams occurs only 
via diffusion.  The observed performance is similar to that 
reported for mixers made using conventional litho-
graphic-based fabrication techniques [17]. 
DISCUSSION 
 The use of microfluidic devices has increased dramatically 
over the past decade due to their abilities to handle small 
reagent volumes and to control the local environment of bio-
logical systems.  Polystyrene is a natural choice of material 
for microfluidics as it is the standard material used in tissue 
culture dishes and well plates across the cell biology field.  By 
using injection molding and hot embossing processes, poly-
styrene microfluidics have been mass-produced for com-
mercial applications.  However, relatively few studies in-
volving polystyrene microfluidics have been published 
[18-21], and to date no studies exist involving the micro end 
milling of polystyrene.   
 Machining polystyrene is difficult due to its low elastic 
modulus (3.2 GPa), low melting temperature  (240° C) and 
glass transition temperature (100° C), and low thermal con-
ductivity (0.18 W/(m·K)) [22].  The low thermal conductivity 
causes poor dissipation of the heat generated by deformation 
and friction in the cutting zone.  The low elastic modulus of 
the material results in a significant amount of elastic defor-
mation.  Lack of active cooling and the poor choice of ma-
chining parameters will lead to unacceptable finished part 
quality.  Under the wrong machining conditions, this can 
prevent typical chip formation and increase the amount of 
frictional heat generation.  Even relatively small increases in 
temperature in the cutting zone exacerbate this problem due 
to the low glass and phase transition temperatures.  As a result 
of these properties, significant burring, poor surface finish, 
and melting can occur.  When melting occurs, the conven-
tional cutting mechanisms are no longer active.  In the ex-
treme case, the tool becomes encased in recast polystyrene 
causing cutting mechanisms to cease and significant damage 
to the workpiece and/or tool.  
 Previous research suggested that surface finish, burr for-
mation, and error in feature dimension are all related to the 
chip load and the specific cutting energy that the tool ex-
periences during the micro end milling process [23].  Physi-
cally, the chip load represents the amount of material each 
tooth removes per revolution measured in the tool travel di-
rection.  Traditionally, a material has a defined chip load 
range; consequently, a speed/feed rate combination is chosen 
to satisfy the chip load and accommodate external constraints.  
Chip loads are chosen for different machining operations 
such as roughing and finishing passes.   
 The parametric study in the present work investigated the 
effect of spindle speed (i.e., cutting speed), feed rate, and 
axial depth of cut on the surface roughness, dimensional er-
ror, and burr formation while cutting full-width channels.  
Factor levels for feed rate and spindle speed were chosen 
according to machine capability, and axial depth of cut was 
chosen based upon realistic material removal rates and 
moderation of forces exerted on the tool.  These values span 
the high material removal rate regime (fast production times, 
low tool life, low heat generation) and low material removal 
rate regime (slow production times, high tool life, high heat 
generation).   Overall, the best channels were obtained when 
 
 
Fig. 8: a) Microfluidic diffusive gradient device in polystyrene. b) 
Passive pumping is achieved by the small drops on the right col-
lapsing and driving the flow to the left.  c) There is a clear 
boundary between the red and blue fluids at the intersection (flow
from right to left) due to the flows being laminar. 
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using a 250 mm/min feed rate, a 40 kRPM rotational speed, 
and a 5 ?m depth of cut.  The resulting dimensional error for 
this case was 15 ?m, while the RMS surface roughness was 
1.33 ?m.   During the experimentation, the tool used to create 
the test channels was not changed or removed in order to 
eliminate differences in axial depth or runout due to uncon-
trollable differences in chucking the tool.  However, the tool 
was characterized by using optical microscopy before and 
after testing to obtain exact dimensions and also by using a 
loupe between runs to verify the tool condition.  
DIMENSIONAL ERROR AND BURR FORMATION 
 Dimensional error in end milling is a result of dynamic run 
out causing the tool to sweep through areas that are outside 
the intended work zone.  This can be a result of vibrations in 
the system (chatter), geometrical errors in tool fixturing, and 
the build-up of material on the tool.  In the worst case sce-
nario, polystyrene melts and solidifies on the end mill thereby 
increasing the effective size of the tool.  
 It can be inferred from the results of the parametric study 
that spindle speed (i.e., cutting speed) has the greatest influ-
ence on dimensional error of the channel followed by the 
axial depth of cut (Fig. 3).  At a spindle speed of 60 kRPM (V 
= 15.4 m/min) the channels are 11 to 12 ?m wider than the 
tool diameter.  This is close to the 10 ?m runout measured on 
the tool shank, which is the lowest error that can be achieved 
with this setup.  At the high spindle speeds the dimensional 
error is relatively insensitive to the range of feed rates and 
axial depths of cut tested.  The higher cutting speed associ-
ated with higher spindle speed will: (1) result in a greater 
percentage of the generated heat being removed with the chip, 
and (2) result in higher strain rates.  If the glass transition 
temperature (100?C) is achieved in the primary and/or sec-
ondary shear zones then higher strain rates would result in 
lower flow stresses due to the shear thinning behavior of this 
thermoplastic.  At high spindle speeds, the combination of 
lower flow stress and lower chip load (for a given feed rate) 
would correlate with the lowest cutting forces trying to de-
flect the tool.   
 Given a constant spindle speed and feed rate, the cutting 
forces should increase with increased axial depth of cut.  The 
fact that the dimensional error at high spindle speeds does not 
change significantly with axial depth of cut suggests that ei-
ther the changes in forces are relatively small or the channel 
walls help center the tool on the deeper cuts.  Further evi-
dence that the channel walls may help center the tool (i.e., 
reduce deflections) is supported by the stronger influence of 
axial depth of cut on dimensional error at lower spindle 
speeds.  At 20 kRPM the dimensional error is approximately 
16 µm at an axial depth of cut of 10 µm, and the error de-
creases to approximately 13 µm at an axial depth of cut of 30 
µm.   
 Burr formation trends were found to follow the dimen-
sional error of the channel; therefore, results are not shown in 
this study.  However, it is reasonable to assume that elevated 
cutting temperatures result in more side flow of material 
creating burrs. 
SURFACE FINISH 
 During the machining process, patterns are left on the bot-
tom of the channels due to the nature of the cutting process.  
The most dominant pattern is that left by the cutting edges of 
the tool each time they make a cut.  These patterns can be left 
by the forward and/or backward stroke of the flute depending 
on the forces exerted on the tool.  Milling is an interrupted 
cutting process, so periodic features are inevitable on the 
surface of the work piece, although they can be minimized if 
machining parameters are chosen appropriately.  It can be 
seen from the parametric study results that the optimum sur-
face finish for the parameter space studied is obtained when 
both the feed and the axial depth of cut are low (Fig. 4).  In 
addition, the axial depth of cut appears to be more significant 
in determining the surface roughness than the spindle speed. 
Theoretically, lower feed rates create smaller amplitude fea-
tures on the surface.  The other physical processes affecting 
surface finish are elastic deformation and side flow of the 
work piece material during the cutting process [24].  Lower 
cutting temperatures and axial forces decrease the potential 
for side flow and elastic deformation.  Elastic deformation is 
decreased due to smaller forces on the work piece, resulting 
in the final surface more closely resembling the cutting edge 
trajectory, which appears to be most strongly influenced by 
the axial depth of cut.   
MICROFLUIDIC DEVICE FABRICATION  
 Understanding the relationship between machining process 
variables and the quality of the machined channels allowed us 
to develop a machining strategy to efficiently produce mi-
crochannel devices.  First, the channels were rough cut with a 
feed rate of 250 mm/min, a rotational speed of 45 kRPM, and 
a 50 ?m depth of cut.  This was followed by a finishing pass 
using the optimized machining parameters determined by the 
SRM: 250 mm/min feed rate, 45 kRPM rotational speed, and 
5 ?m depth of cut.  Using this process, many channels can be 
fabricated in a short amount of time.  For example, the 
channels (including the inlet ports) in Fig. 5 took less than 5 
minutes to end mill.  In contrast, creating similar PDMS 
channels using the replica molding process would require 
several hours to create a master and several additional hours 
to cast and cure the channels. 
 A key advantage of the micro end milling process is the 
ability to create high aspect ratio, three-dimensional struc-
tures [25].  This is demonstrated by the microchannels ex-
amined in Figures 5-7.  As a result, a number of features 
useful for biological assays like posts and wells can be fab-
ricated.  Furthermore, features of varying height can be made 
all in the same process, something that requires multiple 
process steps in a lithography-based PDMS fabrication ap-
proach.  The graded channel, which has a continuously 
varying depth (Fig. 6), would be extremely difficult to pro-
duce in a lithography-based process.  Micro end milling is 
also well-suited for creating micro-meso scale connections, 
which often have irregular geometries and a combination of 
large and small features that are difficult to fabricate with 
other techniques.  Another advantage of micro end milling is 
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that a master mold is not required—the channel geometries 
can be machined directly. 
 Though the microfluidic channels in this work were 
bonded to PDMS slabs to demonstrate their functionality, 
heat and pressure bonding of polystyrene to polystyrene is 
feasible and can be used to realize 100% polystyrene devices 
[26].  The diffusive gradient device demonstrates that low 
Reynolds number flows can be achieved in micro end milled 
devices and used to create distinct fluid boundaries.  Further 
down the channel, diffusion of the two species creates a spa-
tial chemical gradient across the width of the channel.  More 
complex devices operating on this principle can be developed 
to create chemical gradients that can be flowed over bio-
logical cells in order to study their response to varying 
chemical concentrations.  Developing such devices in poly-
styrene would assist the cell biology community, as nearly all 
cell culture is traditionally done in polystyrene dishes. 
 Future research and development on micro end milling of 
polystyrene is needed in order to improve workpiece align-
ment and methods of accurately measuring the position of the 
tool with respect to the workpiece surface in situ.  In addition 
to accurately zeroing the tool, modeling of thermal expansion 
and improved cutting temperature control need to be inves-
tigated in order to improve the consistency of the cutting 
depth and reducing the surface roughness on the bottom of 
the channel.  If sufficiently smooth surfaces cannot be pro-
duced by micro end milling, then methods of polishing may 
be required.  Optical transparency of the polystyrene work-
piece is a property crucial in many biological applications.  In 
addition, direct fluid connections are needed for applications 
that require high flow rates over extended periods of time. 
CONCLUSIONS 
 It has been shown that functional microfluidic devices can 
be made by micro end milling directly in polystyrene and 
subsequently bonding the channels to PDMS.  From the pa-
rametric study of machining process parameters, it was found 
that end milling with a 254 µm diameter tool at a 250 mm/min 
feed rate with a tool rotational speed of 40 kRPM and a depth 
of cut of 5 ?m gave the best results, producing a channel 
dimensional error of 15 ?m (5 µm greater than the measured 
collet runout) and a RMS surface roughness of 1.33 ?m.  The 
optimized machining parameters determined by the surface 
response methodology were found to be 250 mm/min feed 
rate, a spindle speed of 45 kRPM, and a 5 ?m depth of cut.  
These were used to produce several straight microchannel 
devices and a passive pumping diffusive mixer.  End milling 
requires less processing time than traditional PDMS soft li-
thography techniques and does not require the use of master 
molds.  In addition, three-dimensional structures with varying 
heights can be fabricated into the devices.  While the ma-
chined channel is not optically transparent, it can be bonded 
to other clear substrates.  This process is an ideal rapid pro-
totyping method and can greatly expand the types of ther-
moplastic microfluidic devices developed in research labs.  
Further investigation is required in order to determine how to 
achieve higher material removal rates and optically trans-
parent surfaces with micro end milling.  
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